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Crystal Structure of the Priming -Ketosynthase
from the R1128 Polyketide Biosynthetic Pathway
directions in the biosynthetic engineering of novel poly-
ketides through structure-based alteration of PKS spec-
ificity.
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and Robert M. Stroud1,5 The condensing enzyme, -ketaoacyl synthase (KS),
is the central enzyme in all PKSs [7]. KSs catalyze the1Department of Biophysics and Biochemistry
University of California San Francisco hallmark C-C bond-forming reaction between a growing
polyketide chain (bound as a thioester to an active siteSan Francisco, California 94143
2 Department of Chemical Engineering cysteine) and an -carboxylated extender unit (bound
as a thioester to either an acyl carrier protein [ACP] or a3 Department of Chemistry
4 Department of Biochemistry coenzyme A molecule). Decarboxylation of the extender
unit generates a nucleophilic carbanion that attacks theStanford University
Stanford, California 94305 ketosynthase-bound electrophilic thioester, yielding a
-ketoacyl product, which can subsequently be modi-
fied, elongated, and/or released from the PKS in a con-
trolled fashion (Figure 1A). It is generally believed thatSummary
the ketosynthase exercises some control over the
choice of both the electrophile and the nucleophile dur-ZhuH is a priming ketosynthase that initiates the elon-
gation of the polyketide chain in the biosynthetic path- ing polyketide chain growth. Thus, understanding the
molecular details of the mechanism and selectivity ofway of a type II polyketide, R1128. The crystal structure
of ZhuH in complex with the priming substrate acetyl- condensing enzymes is a first step toward synthesis of
novel polyketides through protein engineering.CoA reveals an extensive loop region at the dimer
interface that appears to affect the selectivity for the ACP-dependent priming KSs are found in several bio-
synthetic pathways involving type II PKSs. They includeprimer unit. Acetyl-CoA is bound in a 20 A˚-long chan-
nel, which placed the acetyl group against the catalytic enzymes such as DpsC from the doxorubicin pathway
[8], FrnI from the frenolicin pathway [9], and ZhuH fromtriad. Analysis of the primer unit binding site in ZhuH
suggests that it can accommodate acyl chains that the R1128 pathway. These enzymes are homologous to
the FabH enzyme from bacterial fatty acid synthasesare two to four carbons long. Selectivity and primer
unit size appear to involve the side chains of three [10] but exhibit broader substrate specificity. It should
be possible to introduce new, medicinally useful func-residues on the loops close to the dimer interface that
constitute the bottom of the substrate binding pocket. tional groups into pharmacologically important natural
products, such as doxorubicin, frenolicin, and R1128a–d,
by altering the substrate specificity of this class of KSs.Introduction
To date, four crystal structures of KSs from fatty acid
biosynthetic pathway have been solved. These includePolyketide synthases (PKSs) are a superfamily of mech-
anistically and evolutionarily related enzymes of several three acyl carrier protein ACP-dependent KSs from the
E. coli fatty acid synthase (FabB [11], FabF [12], andtypes. PKSs operate sequentially on a growing polyke-
tide substrate to yield chemically diverse and pharmaco- ecFabH [14, 15]) and one ACP-dependent KS from the
mycolic acid biosynthetic pathway in Mycobacteriumlogically useful polyketide products that have antibiotic,
antiviral, immunosuppressant, cholesterol-lowering, tuberculosis (mtFabH) [16]. These KSs are mechanisti-
cally related. However, their substrate specificity for acyland anticancer activities [1]. Analogous to fatty acid
synthases, the individual active sites of type I PKSs are chain substrates is strikingly different. For example, the
priming KSs, ecFabH and mtFabH, prime fatty acid syn-part of a single multifunctional polypeptide, whereas
type II PKSs comprise several monodomain enzymes, thesis with acetyl-CoA and myristoyl-CoA [14, 16, 17],
respectively, whereas elongating KSs, such as FabBeach expressed from a distinct gene [2]. A third class of
PKSs, designated as type III PKSs, are monofunctional and FabF, accept acyl chains between 4 and 16 carbons
long [10]. In addition to KSs from fatty acid biosynthesis,enzymes that iteratively catalyze chain elongation using
malonyl-CoA-derived building blocks [3]. Numerous two crystal structures have also been solved for CoA-
dependent type III plant PKSs, chalcone synthase [3]studies have demonstrated that genetically modified
PKSs are able to synthesize structurally altered natural and 2-pyrone synthase [18].
Here we report the X-ray crystal structure of ZhuH, theproducts with remarkable combinatorial potential [4].
For example, combinatorial modification of enzymes in priming KS of the R1128 biosynthetic pathway, bound to
an acetyl-CoA substrate molecule. R1128a–d (Figure 1B)the 6-deoxyerythronolide B synthase (a type I PKS)
yielded many new macrolides [5]. Similarly, polyketide are natural products identified as nonsteroidal, anthra-
quinone natural products, found to be estrogen receptorlibraries have also been generated via genetic engi-
neering of type II PKSs [6]. X-ray crystallographic analy- antagonists with potencies approaching that of tamoxi-
fen [19–21]. The entire gene cluster of R1128 PKS wassis of PKSs can therefore have a major impact on future
5 Correspondence: stroud@msg.ucsf.edu (R.M.S), ck@chemeng. Key words: -ketosynthase; aromatic polyketide; biosynthetic engi-
neering; catalytic triad; primer unit; acyl chainstanford.edu (C.K.)
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Figure 1. The Mechanism of ZhuH
(A) Chain elongation by the -ketoacyl syn-
thase III (ZhuH) of the R1128 polyketide syn-
thase. ZhuH catalyzes a decarboxylative con-
densation between an acyl group derived
from the corresponding acyl-CoA and a malo-
nyl extender unit attached to an acyl carrier
protein (ACP), resulting in the formation of
a -ketoacyl-ACP product. ZhuC is an acyl
transferase.
(B) The chemical structures of the R1128 sub-
stances.
cloned and expressed in Streptomyces lividans [22]. In responsible for substrate recognition, and the L9 region,
which is important for stabilizing the dimer interface.contrast to the PKSs responsible for biosynthesis of
most other anthracyclic and tetracyclic natural prod- The overall fold of the ZhuH dimer is similar to that
of the priming ketosynthases from the fatty acid biosyn-ucts, the R1128 PKS is unusual, in that it can be primed
by a variety of alternative acyl chains. Since the biologi- thetic pathways, such as E. coli FabH (ecFabH; Figure
2C). There is an rms difference of 1.18 A˚ between thecal activity of R1128 can tolerate alterations in the corre-
sponding position of the natural product, structure- positions of the ZhuH and ecFabH backbone atoms.
The major differences between ZhuH and ecFabH arebased engineering of ZhuH could provide access to
compounds that are better suited for pharmacological that ZhuH has two internal sequence insertions (214–216
in L9 and 285–286 in L131) as well as N-terminal exten-applications than the natural products themselves.
sions. Insertion 214–216 is located at the dimer interface,
lies in loop L9, and is likely to play an important role inResults and Discussion
substrate specificity. Insertion 285–286 is located at the
entrance of the CoA binding channel and may contributeThe Structure of ZhuH
to coordinate CoA. The N-terminal ten-residue exten-
ZhuH is a dimer with approximate dimensions of 45 A˚ 
sion of ZhuH, which is absent in ecFabH, extends into
60 A˚ 75 A˚ (Figure 2A). The overall architecture of ZhuH
the other monomer to make hydrogen bonds and hy-
is in the thiolase fold, similar to that of the ketosynthases
drophobic contact both with the other monomer and its
in fatty acid biosynthesis and in type III plant PKS [3, 4,
own monomer, hence stabilizing the dimer interaction.
11–16]. Each ZhuH monomer contains a five-layered
The sequence alignment of ZhuH with other priming
core based on three layers of  helices interspersed by
ketosynthases is shown in Figure 3.
two layers of  sheet, with extensive connecting loop
regions around the core. The core region contains an
internal duplication of two segments (11–180 and 181– The Dimer Interface
The ZhuH structure revealed an interface characteristic330) that are similar in structure, except at their loop
regions, although there is no significant sequence simi- of a tight dimer (Figure 2A). The dimer interface of ZhuH
buries 3000 A˚2 of surface area, mainly involving N3,larity between the two halves. To reflect this duplication,
the corresponding secondary-structural elements within N3, L9, and L3. A major contribution to the dimer inter-
face is the association of the N3-N3 strands from theeach half are labeled N or C and are assigned the same
number (Figure 2B). Together the two halves create the two monomers via antiparallel backbone interactions,
creating a ten-stranded  sheet that traverses the centerfive-layered architecture (2-5-2-5-2) for the core
region. A pseudo-2-fold axis lies between the two 3 of the ZhuH dimer. Other important monomer interac-
tions are through loop-loop contacts. Specifically, loophelices (N3 and C3) in each monomer and is parallel
to the 2-fold dimer axis. The two halves superimpose L9 interacts with L9 and loop L3 from the other mono-
mer via hydrogen bonds and hydrophobic interactions.well, except for two loop regions, the L1 region, which is
Structure of the Priming -Ketosynthase ZhuH
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Figure 2. The Structure of the ZhuH Molecule
(A) The overall structure of the ZhuH dimer.
The ribbons are colored in purple for mono-
mer A and in blue for monomer B. The five
structural elements responsible for the dimer
interface are labeled in red. The monomer-
monomer interactions between L9-L9, L9-
L3, and L3-L3 are important for substrate
recognition.
(B) The ZhuH monomer reveals a five-layered
core region and an extensive loop region that
is important for acyl-CoA binding.
(C) Structure comparisons between ZhuH
(green) and E. coli FabH (red). Although the
five-layered core regions are almost identical,
the loop regions are different. Note that ZhuH
has a larger L9 than FabH, leading to a down-
ward shift of L3 and L3, which hydrogen
bonds to L9-L9. As a result, the acyl group
binding pocket of ZhuH is slightly larger than
that of FabH. The figures were prepared by
ChemDraw, DINO [34], SwissPDB Viewer
[35], and POV-Ray [36].
L3 from one monomer extends into the other monomer which the CoA moiety extends from the channel en-
trance to the catalytic triad (Figures 4B and 4C). Thewith extensive hydrophobic interactions that define the
floor of the substrate channel. Additional contacts are acetyl CoA substrate copurified with ZhuH from the cy-
toplasm of the E. coli expression host. The CoA bindingmade by the N-terminal extension of each monomer.
It is noteworthy that many of the residues composing channel is formed by L11, L12, and the N-terminal
end of C1, L7, L91, L92, and L11 (Figure 2B). Therethe enzyme active site lie at, or close to, the dimer
interface. For example, the catalytic Cys121 resides on is an electropositive groove (comprising Arg45, Arg160,
and Lys223) near its entrance. This electropositivehelix N3, and Met90 and Thr96, which define the shape
of the acyl group binding pocket, are located on L3 and groove is conserved between ZhuH and ecFabH and has
been shown to be a probable binding site for incomingL3, respectively. A recent crystal structure of ecFabH
in which the CoA ligand is not bound reveals a much malonyl-ACP [14, 15, 24]. There are extensive interac-
tions between CoA and several conserved residues (Fig-looser dimer interface than that seen in the CoA-bound
ecFabH [23]. Together, these observations suggest that, ure 4C). Thus, binding of CoA appears to be important
for maintaining the shape of the substrate channel.besides contributing to substrate specificity, the dimer
interface may also be important for maintaining the fold At the end of the CoA binding channel is the acyl
group binding pocket (Figure 5A). The electron densityand positioning the catalytic site of ZhuH.
map shows that the acetyl moiety is covalently attached
to the catalytic Cys121 (Figure 4A). This residue is lo-Substrate Binding and Active Site
cated between N3 and N3 at the characteristic “nu-The electron density for degraded acetyl-CoA (Figure
4A) shows that it binds ZhuH in a 20 A˚-long channel, in cleophilic elbow” [11]. The side chains of the catalytic
Structure
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Figure 3. Sequence Alignment of ZhuH with Other KAS III Enzymes from Different Bacteria
The catalytic triad is marked by blue triangles. Residues responsible for CoA binding and acyl binding are marked with yellow squares and
open green circles, respectively. The key residues at L3-L3, residues 90 and 96, are marked by red stars; the third key residue, 200, is
marked by blue stars. The sequences referred to are as follows: ZhuH (AAG30195), Frenoli (Frenolicin, AAC18105), S. Coelic (Streptomyces
coelicolor, CAA60200), S. Glauc (Streptomyces glaucescens, AAA99447), M. Tuber (Mycobacterium tuberculosis, CAB08984), E. coli (Esche-
richia coli, AAA23749), B. Subti (Bacillus subtilis, CAB12974), H. influ (Haemophilus influenzae, AAC21826), and S. Pneum (Streptococcus
pneumoniae, AAF98271).
triad Cys121-His257-Asn288 form a hydrogen-bonded of CoA. It is also 3.2 A˚ from the C2 of His257, making
a possible C-H…O hydrogen bond. It has a counterpartnetwork. A well-defined water molecule is hydrogen
bonded to the carbonyl of Phe218 and to the amide NH in ecFabH that has been proposed to possibly assist
Structure of the Priming -Ketosynthase ZhuH
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Figure 4. The CoA Binding Channel
(A) The 2Fo  Fc electron density map (contoured at 1  level) of the active site in stereo reveals clear density for the CoA prosthetic group
(red) and the acyl chain (blue).
(B) Surface representation of the CoA binding channel. Hydrophobic residues, yellow; basic residues, blue; CoA molecule, red sticks.
(C) Graphical representation of the CoA binding channel (blue) with the conserved residues that interact with the functional groups of CoA.
Hydrogen bonds, magenta; the acyl group binding site, yellow. The figures were prepared by ChemDraw and DINO [34].
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Figure 5. The Acyl Group Binding Site
(A) Graphical representation of conserved residues surrounding the acyl group, as well as the active site Cys121 and the Cys121 backbone
NH that serves with the NH of Ala320 as the oxyanion stabilizing site. Hydrogen bonds, green.
(B) Structural comparison of the acyl group binding sites of ZhuH, ecFabH, and mtFabH. Only the backbone fold of ZhuH dimer is shown
(gray and yellow). Myristoyl groups, green; CoA, cyan; residues in ZhuH, gold; residues in ecFabH, magenta; residues in mtFabH, blue.
(C) Magnified view of the acyl group binding pocket.
His257 in the deprotonation and reprotonation of gen bonds with the amide NHs of Cys121 and Ala320,
which compose the oxyanion hole of ZhuH.Cys121 [15]. The electron density between the acyl moi-
ety and CoA is partially connected (Figure 4A). This may The active sites of all ketosynthases consist of an
active site cysteine whose nucleophility is enhanced bybe due to incomplete transacylation of ZhuH and is
consistent with experiments demonstrating that pro- proximity to a basic histidine. To investigate the precise
relationships between the active sites of different keto-longed incubation of ZhuH with radiolabeled acyl-CoA
results in a maximum of 80% acylation of ZhuH [25]. synthases, we superimposed the catalytic triad of ZhuH
on that of other structurally characterized ketosyn-However, the electron density map between the car-
bonyl carbon of the acetyl group and the Cys121 sulfur thases. As expected, the ZhuH triad (His257-Asn288-
Cys121) overlapped well with that of the E. coli primingatom is well defined, suggesting that the acetyl group
exists predominantly as an acetyl-S-cysteine adduct in ketosynthase ecFabH (His244-Asn274-Cys112). In fact,
the ZhuH triad even superimposed well on the Asn343-the crystal. The carbonyl oxygen of the acyl group hydro-
Structure of the Priming -Ketosynthase ZhuH
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Table 1. Substrate Specificity and Salient Structural Features of ZhuH and FabH Homologs
Enzyme Specificity Residuesa L9
E.coli C2–C4 substrates, no branched chain substrates T81-F87, L192 Four amino acids short
B. subtilis C2–C8 substrates, branched chain substrates okay V90-F96, L200 Half-absent
ZhuH R1128 C2–C4 substrates, branched chain substrates okay M90-T96, M200 Extensive interaction with L3
S. glaucescens C2–C4 substrates, branched chain substrates okay V90-T96, Q200 Extensive interaction with L3
S. pneumoniae C2–C4 substrates, branched chain substrates okay I90-M96, G200 Extensive interaction with L3
M. tuberculosis C8–C20 chains only N90-T96, Q200 Extensive interaction with L3
a Residue numbers are based on the sequence alignments in Figure 3.
His375-Cys125 triad of thiolase I [26]. This is consistent appears that the L3-L3 architecture at the bottom of the
substrate channel is important for defining the substratewith an earlier observation that the His-Asn pairs in these
two subclasses of enzymes are structurally inverted to specificity of ZhuH.
match the reversed reactions catalyzed by them [15].
In contrast, the active sites of the E. coli elongating Substrate Specificity: Comparing ZhuH to Other
Priming Ketosynthases from the Fatty Acidketosynthases, FabB and FabF, consist of a His-His-
Cys triad, where Asn288 of ZhuH is replaced by His340 Biosynthetic Pathway
ZhuH and the priming ketosynthases from the fatty acidof FabF. It has been suggested that these structural
differences between the ketosynthases have mechanis- biosynthetic pathway share a high degree of sequence
similarity but have diverse substrate specificities. Tabletic implications [13]. For instance, in addition to enhanc-
ing the nucleophilicity of the cysteine and serving to 1 summarizes the substrate specificities of six priming
ketosynthases. To date, two crystal structures of thestabilize the carbanion resulting from decarboxylation
of malonyl-ACP, the active site histidine and histidine priming ketosynthase from the fatty acid biosynthetic
pathways, the E. coli FabH (ecFabH) [14, 15] and M.architecture in the elongating ketosynthases are critical
to protein-antibiotic interactions [27]. tuberculosis FabH (mtFabH) [16], have been reported.
ZhuH and ecFabH can prime acyl-CoA with carbon chainFrom the crystal structures of ZhuH and available bio-
chemical data of priming ketosynthases [14, 15], the lengths 2–4. However, ecFabH prefers acetyl-CoA as a
starter group, while ZhuH prefers butyryl-CoA and cancatalytic mechanism of ZhuH is proposed as follows.
Acyl-CoA substrates bind to the substrate channel in tolerate branched substrates. In contrast, mtFabH is
able to use acyl-CoA substrates with much longerZhuH and are positioned near the active site Cys121.
The thiol group of Cys121 attacks the acyl CO, while the chains, such as myristoyl-CoA, but not shorter acyl-CoA
substrates. The priming ketosynthases from S. pneu-NHs of Cys121 and Ala320 stabilize the oxyanion formed in
the transition state. Deprotonation of Cys121 is facilitated moniae [28] and S. glaucescens [29] have similar sub-
strate specificities to ZhuH, while the B. subtilis FabHby His257 and possibly by the dipole moment of N3.
Release of reduced CoA is followed by binding of malo- [30] prefers branched substrates. It is of great interest to
understand the molecular basis for the diverse substratenyl-ACP to the substrate channel. The malonyl group
undergoes decarboxylation to generate the enolate, specificities of these priming ketosynthases.
In order to elucidate the structural features that governwhich is stabilized by His257 and Asn288. Finally, nu-
cleophilic attack at the acyl-thioester by the enolate the priming unit selectivity, the ZhuH structure was su-
perimposed with the structures of ecFabH and mtFabH,results in the formation of product -(ketoacyl)-ACP.
The acyl group binding pocket of ZhuH is lined by in which a myristoyl group was modeled in its putative
acyl group binding pocket [16]. The overall folds of thesehydrophobic residues (Figure 5A). Except for Leu218,
which is replaced by a threonine in the B. subtilis en- enzymes are very similar. The acyl group binding pock-
ets of ZhuH, ecFabH, and mtFabH are aligned in thezyme, these residues are highly conserved within this
family of enzymes (Figure 3). Therefore, although these same position, with the myristoyl group stretching from
Cys121 to the cavity lying underneath the acyl groupconserved residues define the shape of the acyl group
binding pocket, they do not appear to be responsible binding pocket in the ZhuH and ecFabH structures. This
allows us to compare the residues lining the acyl groupfor the variable substrate specificity observed among
the priming ketosynthases. Instead, this property may binding pocket and to identify which residues may ac-
count for substrate specificity. As shown in Figures 5Bbe controlled at the bottom of the acyl group binding
pocket, whose floor is formed by Met90 on L3 and Thr96 and 5C, the myristoyl group first clashes with the side
chain of Met90 on loop L3 in ZhuH, or Phe87 on loopon L3 (Figure 5A). These are the only two nonconserved
residues in the acyl group binding pocket of ZhuH. Mod- L3 in ecFabH. This is consistent with our observation
that the L3-L3 architecture forms the bottom of the acyleling studies indicate that the acyl group binding pocket,
stretching from Cys121 to the L3-L3 architecture, can group binding pocket, whose size is controlled by the
size of the side chains of Met90 and Thr96 in ZhuHaccommodate an acyl chain of up to four carbons, with
up to one branch or substituent on the carbon chain. (equivalent to Thr81 and Phe87 in ecFabH). A large side
chain in either the 90 or 96 position defines the bottomIndeed, in vivo and in vitro studies of the R1128 PKS
show that ZhuH is preferentially primed by isobutyryl or of the acyl group binding pocket, obstructing the binding
of an acyl chain longer than four carbons. Note that thepropionyl groups but can also tolerate acetyl and butyryl
(but not isovaleryl) primer units [21, 22, 25]. Thus, it side chain of Met90 is less bulky and more flexible than
Structure
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that of Phe87, which may account for the different sub- Table 2. Statistics for the Crystallographic Data of ZhuH
strate specificities of ZhuH and ecFabH. The flexible
Data Collection ZhuH plus Acetyl-CoAside chain of Met90 may contribute to the plasticity of
Resolution (A˚) 2.1the acyl group binding pocket of ZhuH, thereby allowing
Mosaicity () 0.15ZhuH to have relatively broad specificity toward alterna-
Number of observations 264,571tive CoA-derived primer units and accommodating
Number of unique reflections 43,722branched acyl-CoA. In mtFabH, the residues equivalent
Redundancy 6.1
to Met90 and Thr96 of ZhuH are Asn81 and Thr87, Completeness (last shell) (%) 99.5 (100.0)
whose smaller sizes permit binding of a longer acyl chain I/s(I) (last shell) 23.2 (3.1)
Rmerge (last shell) (%) 6.1 (58.7)(Figure 5C). Besides Met90 and Thr96, the acyl group
binding pocket is also blocked by a third residue Structural Refinement
(Met200) in ZhuH, which is structurally equivalent to
Resolution (A˚) 2.1Gln200 in mtFabH (Figure 5C). The side chain of Gln200
Number of reflections 41,952
points to the dimer interface, leaving the acyl group Data cutoff () 0.0
binding pocket of mtFabH fully open. Number of protein atoms 4,911
Taken together, the substrate specificity profiles for Number of waters 355
Other solvent or ligand acetyl-CoAsix priming ketosynthases (summarized in Table 1) can
Rcrystal (%) 21.5be rationalized by the above observations. In E. coli
Rfree (%) 25.1FabH [14, 15], the presence of one large and bulky side
Quality Indicatorschain (Phe87) at the L3-L3architecture and a smaller
than average L9 result in a smaller binding pocket for Rms bonds (A˚) 0.006
the acyl moiety and a preference for acetyl-CoA. In B. Rms angles () 1.67
subtilis FabH [30], the binding pocket is blocked by a Rms B main chain 1.3
Rms B side chain 2.0bulky side chain (a Phe) at the position of Phe96 (Figure
Overall B-factor 52.83; Table 1). However, a very short L9 loop may indirectly
Rms of all atoms between monomer 0.53enhance the flexibility of the pocket bottom region, re-
A and B (A˚)
sulting in its ability to accommodate four- to eight-car- Ramachandran plot (%)
bon straight chain acyl-CoAs as well as branched chain Most favored 85.1
acyl-CoAs (Table 1). In comparison, the L3-L3 architec- Favored 12.7
Generously allowed 2.2tures of ZhuH and the priming ketosynthases from S.
Disallowed 0.0pneumoniae [28] and S. glaucescens [29] have one bulky
aliphatic residue (Met90 in ZhuH, Met96’ in the S. pneu-
monia FabH, and Val90 in the S. glaucescens FabH) that
genesis of these key residues to accept bulkier primeris more flexible than Phe, a second residue (Thr96 in
units. On the other hand, the loop-loop interactions onZhuH, Ile90 in the S. pneumonia FabH, and Thr96 in
the dimer interface also seem to play an important role inthe S. glaucescens FabH) with a small- or medium-sized
controlling the volume of the acyl group binding pocket.side chain, as well as an L9 loop that is larger than that
Therefore, altering the residues involved in L9-L9 andof ecFabH or B. subtilis FabH. As a result these priming
L9-L3 interactions may change the loop-loop interac-ketosynthases can tolerate straight or branched acyl-
tions and, hence, indirectly alter the volume of the acylCoAs consisting of up to four carbon atoms but are
group binding pocket. Combinatorial mutagenesis of theunable to bind larger substrates. Finally, the M. tubercu-
pocket size-limiting residues as well as the residues onlosis FabH [16] is unusual. In mtFabH, all the side chains
loops L3, L3, and L9 in various priming ketosynthasesof the size-limiting residues (Asn90, Thr96, and Gln200)
may be an attractive way to further probe the structuralare either short or point outward from the acyl chain,
basis for variable substrate specificity in this class ofresulting in a long acyl group binding pocket that
enzymes.stretches from the active site to the loop L92, which
forms a cap of the acyl group binding pocket. The
Biological ImplicationsmtFabH has a preference for 8- to 20-carbon acyl-CoA
substrates.
This work presented the X-ray crystal structure of theThe results presented here, together with sequence
priming ketosynthase (ZhuH) from the R1128 polyketideand structure comparisons of these priming ketosyn-
biosynthetic pathway that catalyzes the first condensa-thases, indicate that the variations in some of the key
tion step in the formation of the polyketide chain. Thepocket size-determining residues may alter substrate
significance of this structure lies in its potential to guidespecificity for the priming unit and, hence, affect the
the manipulation of a critical functional group in a phar-final products of polyketides or fatty acids. Recent work
macologically important natural product.on the elongating ketosynthase from the fatty acid bio-
In ZhuH, a primer unit acetyl-CoA is bound in a 20synthetic pathway demonstrated that replacing certain
A˚-long channel, which placed the acetyl primer unitkey residues in the acyl group binding pocket by bulkier
against the catalytic triad (His257-Asn288-Cys121),residues would reduce the chain length acceptance [31].
where it is covalently attached to Cys121. ZhuH hasThrough the application of such an approach to polyke-
been proposed to have broad specificity toward alterna-tide bioengineering, with the goal of synthesizing novel
tive CoA-derived primer units, which leads to the biosyn-polyketides, it may be possible to manipulate the volume
of the acyl group binding pocket of ZhuH through muta- thesis of multiple R1128 polyketide congeners. Pre-
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of the geometry shows that all parameters are well within the ex-sented here is a compilation of data from six priming
pected values at this resolution (Table 2).ketosynthases with a broad range of substrate specifici-
ties (Table 1), which, in conjugation with structural com-
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